The production of cloned animals is, at present, an inefficient process. This study focused on the fetal losses that occur be- 
INTRODUCTION
Success has now been achieved with somatic cell cloning in four animal species using both adult and fetal cells [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . The potential applications of cloning in agriculture, animal and human medicine, and the propagation of rare animals clearly have great commercial and conservational benefit [12] [13] [14] . However, the efficiency of this process is poor, with less than one animal born per 100 reconstructed nuclear transfer (NT) embryos [10] . Much of this inefficiency results from low initial pregnancy rates and early pregnancy losses, which have resulted in survival rates of cloned bovine blastocysts to term of 10%-80% [3, 7] . Firsttrimester losses of more than 50% are common for NT pregnancies in cattle, sheep, and goats [1-3, 6, 9, 15] , whereas 2%-4% of naturally conceived, Day 30 bovine pregnancies and 11% of in vitro-produced embryos would be expected to be lost by Day 60 [16] [17] [18] . To our knowledge, this lack of normal in vivo development has occurred in each species studied so far and is delaying commercial application of the NT technique.
In general, early fetal losses may result from abnormalities of the embryo or its placenta, alterations in maternal uterine environment, or fetomaternal interactions [19] . In naturally conceived pregnancies, fetal abnormalities are a major cause of pregnancy loss [19] . However, in animals derived from cloning or in vitro culture procedures, placental abnormalities occur at a high incidence in both early and late gestation [4, [20] [21] [22] [23] [24] , and this may be the cause of any observed fetal abnormalities. Accordingly, in this experiment, we used both in vitro-and in vivo-generated embryos as controls for the NT embryos.
The normal bovine placenta progressively attaches to the endometrium almost throughout the first trimester, in contrast to the more rapid and invasive attachment phase in humans and rodents. At Day 30, histological examination revealed the presence of placentomes, microvilli, and tenuous attachment of maternal and fetal epithelia [25] . The initial placental contact with a maternal caruncle induces villous processes to undergo hypertrophy and hyperplasia to form cotyledons that, by Day 42, progress to form larger, more complex placentomes [25, 26] . Binucleate cells in the cow form transient fetomaternal syncitia, which are proposed to be central to villous expansion and subsequent maintenance of placental and endometrial apposition [27] . The binucleate cells of the bovine trophoblast produce pregnancy specific protein b (PSPb), and its detection has been used for pregnancy testing in this and other species [28] . Placentomes with extensive villous formation are thought to be the primary site of transport for easily diffusible, small molecules such as oxygen, carbon dioxide, and also amino acids and glucose, whereas macromolecules are transported in the interplacentomal areas adjacent to uterine gland openings [27, 29] .
Lack of placentome development was proposed as the likely cause for early fetal loss in NT fetuses derived from embryonic stem cells [22] , and in the current study, we evaluated this hypothesis using somatic cell cloned fetuses.
The goal of this study was to document the time of greatest loss of NT fetuses and to investigate the hypothesis that failure of placental development is the major cause of this loss. Fetal development was monitored indirectly by transrectal ultrasonography and by maternal PSPb concentrations. Direct evaluation of fetuses and their placentas was made after slaughter of a randomly selected group of cloned and control pregnancies.
MATERIALS AND METHODS

Donor Cell Lines
The NT embryos used in this experiment derived from adult and fetal fibroblast cell lines. The age of the adults at sample collection ranged from 7-21 yr, and the fetuses ranged between 45-55 days of age. Adult cell lines were derived from three animals: a 21-yr-old Brahman bull, a 8-yr-old Charolais cow, and a 7-yr-old Angus bull. The Days 40-50 fetuses derived from an Angus male, a Holstein female, a Brahman male (same genotype as the adult Brahman), and a Charolais female (same genotype as the adult Charolais cow).
Small pieces of tissue (2-5 mm) were prepared from adult skin biopsy specimens and fetal tissue using a razor blade, then transferred into 25-mm 2 flasks containing Dulbecco modified Eagles medium (DMEM-F12; Gibco Laboratories, Grand Island, NY) plus 10% (v:v) fetal bovine serum (FBS; Summit, Fort Collins, CO) plus 1% (v:v) penicillin/streptomycin (Gibco; 10 000 U/ml of penicillin G, 10 000 g/ml of streptomycin), then cultured at 37ЊC in air containing 5% C0 2 . When confluency was achieved, cells were trypsinized for 5 min and the recovered cells centrifuged, washed, and then either frozen in DMEM-F12 containing 10% dimethyl sulfoxide before storage at Ϫ80ЊC or transferred into a new 25-mm 2 flask containing DMEM-F12 plus 10% FBS. Cells for NT were passaged fewer than six times (Ͻ25 days in culture) for each cell line except the Brahman fetal cells, which were used at either passages 2-4 or 18-20.
Nuclear Transfer
The NT technique has been described elsewhere [30] . Briefly, the recipient oocytes were slaughterhouse derived and matured for 17 h in Medium 199 (M 199; Gibco) supplemented with 10% (v:v) fetal calf serum (FCS; Gibco), 0.1 U/ml of FSH (Sioux Biochem, Sioux City, IA), 0.1 U/ ml of LH (Sioux Biochem), 1 g/ml of estradiol (Sigma, St. Louis, MO), 28 g/ml of pyruvate (Sigma), 0.05 g/ml of epidermal growth factor (Sigma), and 1% penicillin/ streptomycin. Metaphase II oocytes enucleated at 19 h after maturation using a beveled, 25 m-diameter glass pipette and donor cells of median diameter were combined with enucleated oocytes, then the oocyte-fibroblast couplets were fused with two 20-sec, 1.6-kV/cm DC fusion pulses delivered by a BTX Electrocell Manipulator 200 (BTX, San Diego, CA). Either serum-fed or serum-starved cells were used. Serum-starved cells were placed in DMEM-F12 containing 0.05% serum for 5 days before NT.
Oocyte activation was performed 3-5 h after fusion by incubation in 5 M ionomycin (Calbiochem, San Diego, CA) [31] and followed by transfer into 100 M Butyrolactone-I (Biomol, Plymouth Meeting, PA) in M 199 for 4 h. Embryos were cultured in CR1aa [32] plus 10% FCS with buffalo rat liver coculture for 7 days. Two or three blastocysts were nonsurgically transferred into each recipient at Day 7 after a natural heat. A total of 243 cloned embryos were transferred into 120 recipient cows. Of these 243 embryos, 163 were derived from fetal and 80 from adult somatic cells.
Production of Control Fetuses
Seventeen blastocysts were recovered nonsurgically from three donor cows after routine superovulation and embryo recovery procedures [33] , then transferred into 17 recipient cows 7 days after a natural heat. Four in vitro produced (IVP) blastocysts were produced from the in vitro fertilization of slaughterhouse eggs, which was followed by culture in serum-free modified synthetic oviductal medium [34] . These four embryos were then transferred into two recipient cows 7 days after a natural heat.
Fetal Monitoring and Survival Analysis
Diagnosis of pregnancy was made from Day 30 after NT by transrectal ultrasonography with a 5-MHz linear array probe and an Aloka 500 connected to a video printer. A viable pregnancy was defined as the presence of one or more fetuses with a detectable heartbeat. Recipients were examined weekly for the presence of fetal heartbeats, and the crown-rump (CR) length was determined for each live NT, IVF, and ET (embryo transfer of in vivo-produced embryo) fetus by freezing a sagittal-section image of each fetus before measurement with electronic calipers.
PSPb Analysis
Serum samples from cows pregnant with at least one viable fetus were analyzed for PSPb concentrations to determine if these values were predictive for survival of pregnancy to Day 90. Blood samples were taken from subsets of pregnant recipient cows at Day 30 (14 cows), Day 35 (9 cows), and Day 50 (13 cows). Serum from two nonpregnant cows was also analyzed as a control. Blood samples were collected into heparinized vacutainer tubes and centrifuged, and the plasma was then separated and stored at Ϫ20ЊC until transport to BioTracking (Moscow, ID) for analysis. Samples were assayed in triplicate for PSPb immunoreactivity by a double radioimmunoassay using rabbit antiserum to bovine PSPb, with an expected value for pregnant animals of greater than 1.0 ng/ml [28] .
Placentas Retrieved at Slaughter
Ten pregnant recipients were randomly allocated for slaughter between Days 35 and 60 of gestation. Of these 10 cows, 6 carried cloned pregnancies (3 derived from adult cells, 3 from fetal cells), and the remaining 4 were control pregnancies (3 ET and 1 IVP pregnancy). The chorioallantois was examined grossly to assess vascularization and placentome development according to the method described by King et al. [25, 29] .
The terminated pregnancies were randomly selected, although the examiners were aware of from which group the pregnancies derived. Samples from fetal cotyledons, intercotyledonary areas, maternal caruncles, and intercaruncular areas adjacent to the fetus were preserved for histopathology by fixation in 4% paraformaldehyde for 24 h, which was followed by transfer into 70% ethanol. Paraffin-embedded thin sections of cotyledons and intercotyedonary segments were stained using hematoxylin and eosin and by periodic acid-Schiff to highlight multinucleate giant cells. 
Statistics
The conditional probability of a recipient cow carrying a viable pregnancy from Days 30 to 90 was assessed using the Kaplan-Meier survival function [35] , and survival to Day 90 was compared using the chi-square test. The day of pregnancy failure was deemed to be midway between the day of no detectable heartbeat and the previous examination. Multiple regression analysis was used to determine the effect of group (NT, control), gestation length, and survivorship at Day 90 on CR length. Estimates were adjusted for the random effect of repeated measurement by cow [36] , and ANOVA was used for comparison of PSPb values.
RESULTS
Ultrasonographic Evaluations
Survival analysis. Day 30 pregnancy rates were similar for recipients that carried cloned and control pregnancies (45% [54/120] vs. 58% [11/19] ; P Ͼ 0.1). A direct comparison of the recipient cow pregnancy rate may not be valid, because multiple cloned embryos were transferred into each recipient. No significant difference was found between pregnancy rates for recipients that carried fetuses cloned from fetal (54% [21/39] 
The survival rates to Day 90 were 100% (11/11) for control fetuses and only 19% (10/54) for clones (Fig. 1) . Fetal deaths were evenly spread throughout Days 30-60, with 35% of Day 30 fetuses dead by Day 40, whereas a further 32% failed from Days 40-60 and 15% died between Days 60-90. Cloned fetuses derived from fetal donor cells were significantly less likely to survive to Day 90 than those derived from adult donor cells (13% vs. 29%; P Ͻ 0.001). In those fetuses that survived to Day 90, placentomes were visualized on ultrasonograms from approximately Day 50 of gestation (Fig. 2) .
Pregnancy rates for recipients carrying serum-fed and serum-starved NT embryos were similar (46% [25/54] vs. 44% [29/66] ). Of the 10 cloned pregnancies that survived to Day 90, 6 derived from serum-starved and 4 from serumfed cells, and 6 derived from adult and 4 from fetal cells. Of the these 10 cloned fetuses, 4 were born live, 4 aborted between 4-7 mo of gestation, and 2 were surgically removed by Day 100 of gestation for further study (both with normal placentas). Of the four live births, only one remains alive as of this writing. Two calves died by 5 days of age from cardiopulmonary problems, and one of these calves also had a peracute Clostridium perfringens gut infection. The third calf died at 1 mo of age from a chronic systemic bacterial infection. All control fetuses were born live.
CR lengths. Although mean CR lengths were significantly less in NT than in ET fetuses (P Ͻ 0.05), CR length was, in fact, only less in those NT fetuses that failed to survive to Day 90 (P Ͻ 0.05; Figs. 3 and 4) . Thus, no difference was found between the CR lengths of the surviving NT or non-NT fetuses (P Ͼ 0.1) when adjusted for the covariates during multiple regression. 
PSPb Measurements
Placental Examinations
The placentas from four of six NT pregnancies were abnormal, and these fetuses were small for age ( Table 2 ). The most striking variations from normal were flat, cuboidal chorionic epithelium with a marked decrease in vascularity in two of six NT pregnancies or a reduced number of barely visible cotyledons with normal-appearing chorionic epithelium in two of six NT pregnancies (Figs. 5 and  6 ). The remaining two NT placentas were grossly normal, except that one of these possessed approximately half the number of grossly visible cotyledons as the age-matched controls.
Histopathology of the rudimentary cotyledonary areas from Figure 5b revealed apparently normal epithelium with villous formation (Fig. 6b) . The fetus from one of these rudimentary placentas possessed a pale liver, with retarded development of the limbs and head (Fig. 7) .
The two ''normal'' NT pregnancies possessed normal gross development of cotyledons and vasculature, other than some hemorrhagic areas in the cotyledons and chorioallantois from the Day 50 placenta (Fig. 5c) . The histopathology of the two normal placentas (Days 50 and 60) closely resembled that of the controls. 
DISCUSSION
This study documented that 82% of Day 30 NT fetuses did not survive to Day 90, and that these fetal deaths occurred throughout this 60-day period. These results are in agreement with the first-trimester losses reported in previous cloning experiments [1-3, 6, 9, 10, 15, 24] . More than 80% of the deaths in the current study occurred between Days 30-60, with half of these occurring between Days 30-40 and half between Days 40-60. This suggests that cloned fetuses possess varying degrees of placental development, with more advanced placentas being able to sustain fetal growth for a longer period.
Of the NT placentas examined, two were very underdeveloped, and two lacked normal cotyledon development and number. However, two appeared to be normal, although one of these possessed approximately half the expected number of cotyledons. The most underdeveloped placentas possessed flat, cuboidal chorionic epithelium, with a marked decrease in allantoic blood vessels. These two rudimentary placentas represent a placental phenotype that is inefficient enough to cause fetal death before significant placentome formation. A similar reduction in allantoic epithelial development and vascularization was also reported in preliminary studies [37] [38] [39] . A second phenotype was found in two other NT placentas, in which a reduced number of barely visible cotyledons were present whereas the chorionic epithelium appeared to be normal. These placentas appeared to be similar to those reported by Stice et al. [22] , who found no placentome formation in the placentas from five of five NT fetuses that died in utero during Days 35-55. The placenta does not appear to be able to produce normal cotyledons, so the decrease in fetomaternal exchange area would cause starvation and death of the fetus around Day 60. The remaining two NT placentas appeared to be normal. However, we hesitate to call the placentas of this third group normal, because placental abnormalities occur frequently in third-trimester and term cloned fetuses [5, 6, 23] . In late term cloned fetuses, the number of placentomes may be reduced to 20% of normal among some late gestation and term cloned calves, which suggests that the completeness of placental development varies widely in cloned animals [23] .
We propose that the primary cause of cloned fetus loss is placental abnormality, but fetal abnormalities are a major cause of pregnancy loss in naturally conceived pregnancies [19] . In vitro manipulation of embryos has been linked to abnormal placental development and function, and this may adversely affect an otherwise normal fetus [20, 21, 40, 41] . In our study, an NT fetus on Day 56 was undeveloped for its age and possessed an abnormal liver, which was most likely caused by fatty infiltration. Taken together, this suggests fetuses with deficient placentas that survive beyond Day 50 undergo severe nutrient deficiency that retards further growth and ends in death caused by fetal starvation.
Although we found that significantly more NT fetuses derived from adult than from fetal somatic cells survived to Day 90, this observation needs to be viewed with caution, because many factors may confound this result. One of the fetal cell lines in this experiment was subsequently found to be infected with the bovine viral diarrhea virus, which is recognized as being a cause of early embryonic death [42] . Multiple fetuses also may compromise the development of each fetus because of overcrowding [43] . This may have affected our observations, because two of the In a) , the trophoblastic epithelium at the top of the picture is low, cuboidal, and with less cellular mesoderm, which contrasts with that of the Day 37 control (e). The Day 53 control (f) is stained with periodic acid-Schiff to highlight the binucleate cells. (Note that Fig. 6, a-c, correlates with Fig. 5, a-c.) Hematoxylin and eosin stain, ϫ200. three cloned multiple pregnancies, when examined after slaughter, had small-for-age fetuses with abnormal placentas. The third multiple pregnancy showed normal development of the twin fetuses and placentas. The objective of this experiment was to gain an overview regarding the likely causes of early cloned fetal by comparing the results for several months of NT embryo transfers, but variability exists between our methodology and those of other NT studies. Important factors such as age, type and treatment of donor cells, and embryo culture methods may influence survival rates in the first trimester and neonatal viability at term. To our knowledge, the only report with high rates of first-trimester fetal survival is by Kato et al. [7] , who found an 80% survival rate after ET. Other recent results in cattle have shown that 50%-60% of cloned pregnancies were lost by Day 100 [3, 15] . Our embryo culture technique may have contributed to the high rate of fetal death seen both before and after Day 90, and future experiments will use synthetic oviduct fluid media and NT techniques that have resulted in improved neonatal viability [3] . In addition, we will investigate the effect of donor cell type and treatment (e.g., age, strain, cell type, culture conditions) on placental development.
The PSPb level and CR length were measured to develop an early test for the prediction of fetal survival. Because PSPb is produced by the binucleate cells of the trophoblast FIG. 7 . In NT fetuses that possessed an inadequate placenta, fetal development was retarded (a). The placenta of this Day 56 NT fetus was similar in morphology to the placenta depicted in Figure 5b . The small limb buds and head in a contrast with the normal development in of a Day 60 fetus (b) with a normal placenta whose CR length was nearly twice that of the abnormal Day 56 fetus (7 vs. 4 cm, respectively).
[44], we investigated it as a marker for the presence of these cells. We had anticipated that small-for-age fetuses would have inadequate placentas, and that low PSPb values in maternal serum would result. However, maternal PSPb values were of no benefit in determining which pregnancies were destined to fail before Day 90. The observation that CR lengths were less only in those NT fetuses destined to fail before Day 90 is valuable, because small-for-age NT fetuses can be monitored closely to determine if they should be recovered for further experiments or if the recipient cow can be aborted and prepared for future embryo transfers.
Histopathology of the NT placentas showed a range of trophoblastic epithelial development, from low cuboidal to tall columnar. In the cloned placentas with rudimentary placentomes, villous formation was present in these areas, but the reduced number and size of these areas would cause a corresponding decrease in the placental surface area. The lack of placentome development could be the result of diminished or aberrant production of key regulatory hormones, such as insulin-like growth factors (IGFs) or abnormalities in maternal-placental cell communication [45] . Abnormalities in placentation have been observed in IGF-II knockout mice, which possess very small placentas, and in mice that overexpress IGF-II, which have increased body size and placental edema [46] , all features that have been observed in cloned placentas [5, 6, 23] .
In summary, we observed a range of placental phenotypes, from chorioallantoic hypoplasia through partial placental development, with a reduced number of barely visible cotyledons, and, finally, normal placental development in a minority of NT fetuses. Based on the survival plots and recovered placentas, we propose that three placental phenotypes determine the survival of cloned fetuses from Days 30-90. Within each group is variability in placental architecture that corresponds to varying degrees of placental insufficiency. Those fetuses that die before Day 45 possess placentas with grossly deficient chorionic epithelium and blood vessel formations that cannot support further fetal development. Fetuses that progress beyond this early stage have better developed trophoblastic epithelium that can maintain the nutrient supply to the rapidly growing fetus until functional placentomes are required to increase the transport of soluble nutrients. at approximately Day 50, those fetuses with subnormal placentome formation will slowly starve to death, whereas the third group that develop enough placentomes to support further growth will progress to the second trimester. These experiments provide preliminary data on which to build more intensive research efforts to identify the factors causing failure of normal placental development in cloned fetuses.
